Abstract. Methane (CH•) emission from Philippine rice paddies was monitored with a closed chamber technique during the 1992 dry and wet season. CI-h emissions were significantly higher in the dry season. Application of green manure stimulated CI-In emissions. In plots that received more than 11 t ha 4 of fresh green manure, CH n emission was highest during the first half of the growing season. Significant amounts of CI-In may evolve during or immediately after transplanting, if the organic amendments are incorporated 1 to 3 weeks before transplanting. Laboratory incubations of soil cores show that CI-h production is highest near the soil surface. CH n production in green manure treated fields is higher than in urea-fertilized fields, but toward the end of the season this difference is less pronounced. Around panicle initiation, the fraction of CH n produced, which was emitted to the atmosphere, is lower than at tillering or ripening. The impact of organic amendments on CHn emissions at differera locations of the world can be described by a dose response curve, ff CH• emission from organically amended plots is expressed relative to CI-In emission from mineral fertilized plots of the same location and season. Various organic amendments (e.g., straw, fermented residues) have a similar effect on CHn emissions after correction for differences in easily decomposable carbon content.
Methane is produced by strict anaerobic bacteria (methanogens). Anaerobic conditions occur in, for example, aquatic sediments, natural wetlands, and wetland rice fields. Under such conditions, organic matter is degraded to the gaseous end-products known as CO2 and CI-h [Acharya, 1935a, b] . Acharya [1935a, b] found that the rate at which anaerobic decomposition of rice straw proceeds, as well as the ratio of CO2 to CHn produced, depended on several factors such as temperature and pH. Two major pathways in submerged soils produce CH, [Takai, 1970; Neue and Scharpenseel, 1985 ].
Reduction of CO2 with I-• or organic molecules (I-I2A)
as the H donor.
CO2 + 4H2A --> CH• + 2H20 + 4A
(1) 2. Decarboxylation (transmethylation) of acetic acid.
CHsCOOH --• CH• + C02 (2)
Various factors influence the ratio of CH• and CO2 produced. In line with Acharya [1935b] , Tsutsuki and Ponnamperuma [1987] reported that much less CH4 than CO2 was generated in straw-amended rice soils at 20 øC. Raising the temperature to 35 øC increased the formation of both gases but stimulated
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especially CHn production which sometimes equalled the CO2 production. For a more detailed description and review of the biogeochemistry of methanogens and their substrate requiremenas we refer to Oremland [1988] . The addition of organic matter to a wetland rice field will enhance CI-h emissions by fuelling ( Philippines [Neue et al., 1993] . However, the magnitude of the CHn fluxes induced by organic matter addition may vary widely across locations. This may be caused by differences in soil types, water regime, and climatic factors (e.g., temperature and solar radiation) among locations which may limit microbial productivity in general or, as outlined above, influence the ratio of CI-I4 and CO2 produced.
The objective of this paper was to gather baseline CI-h emission data from a flooded rice field in the tropics (Philippines) and to assess the impact of green manure application on CHn emission. Green manure can be produced by growing nitrogen (NO fixing plants like Sesbania or cowpeas between rice crops, simultaneous cultivation of Azolla with the rice crop, or by collecting cuttings of annual or perennial plants or trees grown elsewhere. The application of green manure adds and recycles nitrogen and other nutrients, increases soil organic matter, and improves the soils physical and biological properties. [Singh, 1984; Ventura and Watanabe, 1993] . Green manuring is an old and common practice in important rice growing countries like India and China [Singh, 1984] . Data on organic amendments of rice soils per country are scant, but in general, green manuring decreases as a result of increasing cropping intensity and the decreasing cost and improved availability of fertilizers. The area planted to green manure in China increased from 2 million ha in 1950 to 10 million ha in the middle 1970s but steadily decreased thereafter to 4 million ha in 1987 [Stone, 1990] . However, the growing concern about declining soil fertility and sustainability of agricultural systems has increased the interest in N2-fixing green manure and other organic amendments.
Materials and Methods

Field Preparations
Field measurements of CH• emission were performed during the 1992 dry season (January-May) and 1992 wet season (July-November) in a wetland rice field of the International Rice Research Institute (IRRI), Los Batlos, Philippines. The soil at the field site is an Aquandic Epiaqualf [Soil Survey Staff, 1992] consisting in the topsoil of 66% clay, 28% silt, and 6% sand. It contains 1.97% organic carbon, 0.166% total nitrogen, and has a pH H20 of 5.9.
In both the dry and following wet season, rice variety 1R72 was planted at a plant spacing of 20x20 cm. The field was flooded, ploughed, and puddled 2 weeks before transplanting. The green manure (Sesbania rostrata), grown on neighbouring plots, was harvested, chopped and incorporated without standing water 1 week before transplanting. Basal urea was incorporated without standing water at final harrowing on the day of transplanting. Application rates of urea and green manure (GM) are given in Table 1 . The GM added one week before particle initiation was chopped, placed between the rows of rice planas, and pushed into the soil. The topsoil (about 0.2 m) from the plots that received GM in the 1992 dry season was replaced with unamended soil from the same block of the research farm before the wet season to avoid residual effects. [1992] . Modifications of the system used in this study were (1) the closing time of the chambers during sampling was 24 min to reduce plant stress, and (2) the supply of calibration gas from a separate container, resembling the chambers in the field rather than directly from a gas cylinder, to ensure equal pressure in the gas flow system during sampling and calibration of the 
Experimental Apparatus
Potential CH• Production in Soil Columns
Duplicate soil cores of about 10-cm length were taken from each treatment between the rows (10 cm from a hill), using 4.4-cm inner diameter acrylic core tubes with a length of 25 cm. Soil cores were collected at 26, 52, and 94 days after transplanting, corresponding to three growth stages of the rice plant, tillering, panicle initiation, and ripening, respect-ively. The cores were sliced into 2.5-cm thick segments resulting in four different depth intervals; 0 to 2.5 cm, 2.5 to 5 cm, 5 to 7.5 cm, and 7.5 to 10 cm. Each segment was mixed with 30 mL of demineralized water and transferred to a 125-mL eriemeyer flask of a known total volume. The flasks were sealed with suba-seals, flushed with N 2, and placed in a waterbath shaker (T = 30øC) for preincubation overnight. The following day the flasks were purged with N2. Six headspace gas samples were taken with intervals of about 1 hour and analyzed for CHn. After each sampling, the headspace volume was readjusted by injecting a sample volume of N2 in to the eriemeyer flask. CH4 production rates were calculated, after correction for dilution, from the increase over time of CI-I 4 in the headspace.
Field Design
The field design for the urea and 11 t ha '• green manure (Table 1 ). In the dry season, straw yields inside and outside the gas collector chambers were not significantly different. The straw yield for the 1992 wet season inside the gas collector chambers was higher than outside the chambers, because the plants growing inside where protected against a typhoon which damaged the plants outside. Since higher biomass is expected to cause greater CI-h formation (e.g., more roots and root exudates) and transport through the plant, the wet season measurements may slightly overestimate CH 4 emissions from the surrounding field. This is especially true for the GM H plot which had a remarkable high straw yield inside the chambers.
Methane emissions from similar treatments in the dry season are higher than in the wet season (Table 1) (Figures l d and lf) suggests that ebullition as a transport mechanism is more sensitive to diet temperature fluctuations than plant-mediated transport. A soil-temperature rise during the day time will not only stimulate CH• production, but also gas expansion which will enhance ebullition. This may also explain why the diet emission peaks in 
Potential CH• Production in Soil Columns
The average potential production of CH4 at various depths is presented in Table 2 . Our incubation method involves shaking of the samples which may enhance the substrate availability, and the potential CH4 production reported here may overestimate in situ CH4 production. Although the absolute figures may be subject to discussion, a comparison between treatments and different growth stages is possible. The highest CH4 production occurred in the top layer, as was also found by Sass et al. [1990] . This is the layer with the highest biological activity and the turnover of algae, etc. may stimulate CI-h production. The potential CI-h production in the green manure plots is higher than in the urea-fertilized plots due to the input of fresh organic matter. Because the green manure was incorporated, CI-I• production in the deeper layers (2.5 to 10 cm) of the green manure plots is an important contribution to the total CI-In production. In the urea-fertilized plots, CH• production in the deeper layers becomes important towards the end of the season. Over time, the incorporated green manure is decomposed and root exudates and root littering from rice plants probably become the most important source of substrate for methanogens. Therefore the difference between urea and green manure treated plots becomes less pronounced toward the end of the season.
The cumulative potential CI• production for each treatment was calculated to allow a comparison with the CH• emissions as measured in the field. The cumulative potential CI• production may be underestimated because the top 10 cm is taken into account only. Although CI-h production in our fields decreased with depth, deeper layers will contribute to total CH• production as well. It is therefore better to look for trends in the data than at absolute values. The potential CH• production in the urea-fertilized plot increases with time and resembles the trend in CI-I4 emission from the field. This is not the case for the green manure plots where the CH• production is fairly stable throughout the season, but the CH• emission shows a seasonal pattern with peaks early in the season and at the end of the season (Figure 2b ). This •)AT = days after transplanting.
•(Field emission / cumulative production) x 100%.
indicates that CH4 emission is not simply a fixed proportion of CHn produced. Calculation of the percentage of the cumulative potential CH• production that is emitted ( Table  2 .) reveals that at particle initiation, a relatively small fraction of the methane produced is emitted, whereas at tillering and especially at ripening, much larger fractions of the produced CH [lnoko, 1984] . However, the incremental increase in CH• emission with added manure, excluding compost and fermented sludge treatments, is not consistent across locations (graph not shown). This indicates that the increase in CI-I4 emission is not dependent on substrate availability only, but other site-specific parameters play a role as well. For example, temperature regimes in different seasons influence the ratio of CO2/CHn produced in anaerobic decomposition, and a soil type may be more or less fayourable to methanogens. To take these differences among locations into account, the CH n emission from organic matter treated plots was divided by that from mineral N-fertilized plots of the same location and growing season (Figure 4b) . The fractional increase in CH4 emission (y) with organic matter added (x) could be described by a dose response curve b y =a+ , [1993b] have shown that different organic components in rice straw vary considerably in their effectiveness as a precursor for CId. If we allow for these differences by considering the effective organic matter content of added compost or fermented residues to be 1/6th of its true C content, the emission data agreed with (4) for straw and green manure ( Figure 5, open symbols) . This suggests that the amount of substrate for methanogens generated by compost incorporation is approximately 6 times less than that generated by incorporation of equal amounts of straw or green manure. More data are required to verify that higher rates of compost will result in a levelling off of CH• emission.
To of organic and inorganic fertilizers on soil fertility and rice yields in a 60-year long-term field experiment in Japan. The yields in the organic fertilizer plot were clearly lower in the first 10 years, then reached the same level and eventually, after 30 years, became higher than the yields from the inorganic fertilizer plotß These findings are confirmed by other long-term experiments on the effects of organic matter on rice yield [IRRI, 1984] . This indicates that to sustain or increase soil fertility and rice yields, moderate organic amendments will be essential. However, the beneficial effects of moderate organic amendments can be obtained by using compost (e.g., cornposted rice straw) instead of fresh straw or green manure.
Conclusions
Total seasonal methane emission was strongly enhanced by incorporation of green manure. Previous studies indicated that more than 90% of the total CH4 emission over a season was due to plant-mediated transport, ebullition accounting for CHn production in urea-fertilized plots increases strongly over the growing season, but in green manure plots, CHn production is constant. For all treatments the fraction of methane produced, which is emitted to the atmosphere, was low around particle initiation when compared to the tillering stage or ripening stage. This suggests a seasonal pattern in CH• oxidation, because it is the most important sink for CH• produced in rice fields. Experiments that focus on CH• oxidation efficiency throughout the growing season are highly desired.
When CHn emission from organically amended plots was expressed relative to emissions from mineral fertilizer-treated plots, the impact of organic amendments on CI• emission can be described by a dose response curve. A single curve accounted for data from locations with different climates, soil types, and field managements. However, the curve fit could not explain all individual data implying that other factors may have to be included. A correction factor is needed for cornposted and fermented organic matter to account for the lower percentage of easy decomposable carbon. To reduce CI• emission from rice fields, organic amendments should be minimized. However, this may conflict with soil fertility aspects as well as with the local availability of fertilizers. Compost has only a slightly stimulating effect on CI-I4 emissions as opposed to straw or green manure amendments which greatly enhance CI• emissions. Therefore stimulation of cornposting appears to be a promising mitigation option.
